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We report he complete nudeotide sequence ofthe 3627 bp long Y-external transcribed spacer (ETS) of a human riboso- 
mal RNA gene. This sequence exhibits only very limited homologies with its mouse counterpart, the only other mamma- 
lian specimen analyzed so far. It has very peculiar compositional characteristics, with a highly biased base content (very 
rich in G + C, very poor in A) and also some very strong dinucleotide preferences. Interestingly, these specific features 
are shared by the mouse sequence, despite the extensive sequence divergence, and also apply to the other transcribed 
spacers of mammals indicating that a common and strong structural constraint isexerted on all these regions of the ribo- 
somal gene. An outstanding secondary structure can be formed within the human ETS RNA, which could have a signifi- 
cant role in preribosome assembly. 
rRNA gene; External transcribed spacer; Nucleotide sequence; Secondary structure; Compositional constraint; Dinucleotide frequency 
1. INTRODUCTION 
In eucaryotes, mature rRNAs are processed in a 
stepwise fashion from a large primary transcript in 
which spacer sequences alternate with 18 S, 5.8 S 
and 28 S rRNAs [1]. Spacer sequences constitute a 
large part of the transcription unit in higher eu- 
caryotes, particularly in mammals for which they 
amount o about half of the 13-14 kb gene length 
[2]. Their potential roles in control of ribosome 
biogenesis remain speculative so far. As for rRNA 
processing reactions, their molecular mechanisms 
are not known and the structures in pre-rRNA re- 
quired for the recognition of the proper cleavage 
sites have not been identified either, except for the 
primary processing event in mammals which occurs 
within the 5 '-portion of the 5 '-external transcribed 
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The nucleotide sequence presented here has been submitted to 
the EMBL/GenBank database under accession o. X14345 
,spacer [3-5]. Sequences of ribosomal transcribed 
spacers undergo a fast divergence during evolution 
[6-11], in contrast o mature rRNAs. As for the 
5'-external transcribed spacer, which is roughly 
4 kb long in mammals, the only vertebrate se- 
quences reported so far corresponded toXenopus 
[9,10] and mouse [lll, which appear extensively 
divergent from each other. In the present study, we 
present the complete sequence, and a model of the 
secondary structure, for the human 5'-external 
transcribed spacer (5'-ETS). Although the two 
mammalian sequences now available for com- 
parison exhibit only a very low homology, they ap- 
pear to be subject o common and specific com- 
r positional constraints. 
2. MATERIALS AND METHODS 
Several complete ribosomal genes have been isolated [12] 
from a human eosmid library, constructed from leucocyte DNA 
using pCV 108 as cosmid vector [13]. The 5.8 kb EcoRI frag- 
ment of human rDNA (which contains a 0.5 kb sequence up- 
stream from the transcription start site, the entire 5 '-ETS and 
most of the 18 S rRNA coding region) was isolated from the 
cosmid insert of the 11.9 clone [12l and subcloned in pUC 8. 
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Different fragments were subcloned again in pUC 8 and MI3 
[14] vectors, and sequenced by the dideoxynucleotide chain ter- 
mination method [15]. No ambiguity remained over the entire 
sequence which was determined on both strands over most of its 
length. The sequences of the (+ 1, + 700) region for this clone 
and for other different human genes had been reported previ- 
ously [4,12,16]. 
RNA secondary structure predictions [17] were performed on 
the entire sequence by serial analysis of portions measuring up 
to 2.2 kb. Sequence analyses were carried out with the software 
package [18] of the Genetics Computer Group, University of 
Wisconsin. 
3. RESULTS AND DISCUSSION 
The  3627 nuc leot ide  long  human 5 ' -ETS  se- 
quence  is very  r ich  in G + C (79°7o) and  par t i cu la r -  
GCTGACACGC TG'fCCTCTGG CGACCTGTCG CTGGAGAGGT TGGGCCTCTG GATGCGCGCG 
GGGCCCGCGG GCCTGCTGTT CTCCCGCGCG TCCGAGCGTC CCGACTCCCG GTGCCGGCCC 
CnTGCGCTCT CCGCTGCGGG CGCCCGGGGC GCCACAACCC CACCCCGCTG GCTCCGTGCC 
1 I f  
GTTGGCCGGA GCCGATCGGC TCGCTGGCCG GCCGGCCTCC GCTCCCGGGG GG~CTCTTCGT 
GGACGTTCGT GGCGAACGGG ACCGTCCTTC TCGCTCCGCC CGCGGGGGTC CCCTCGTCTC 
CCTCGCCGTC CCGCCCGCCG CCTTCTGCGT CGCGGGGCGG GCCGGCGGGG TCCTCTGACG 
CGGCGGTGGG GGTGCCGTCC CGCCGGCCCG TCGTGCTGCC CTCTCGGGGG GGTTTGCGCG 
TGCCCGAGGC CCd~ACGGTGG TGTGTCGTTC CCGCCCCCGG CGCCCCCTCC TCCGGTCGCC 
TGAGTGAGA~ GAGA~CGAGA~ GCGCCCCTCC CACGCGGGGA AGGGCGCCGC TGCTCTCGGT 
CGGGCCGGTG TGACCGCGTG CGCCGGCCGG CGCCGAGGGG CTGCCGTTCT GCCTCCGACC 
GGGGGGCCTG GTGGGGTTGC GCGC~CGCGC G~CCGGCCG GGCCCCCGCC CTGAACGCGA 
GGCGTCCCTC GGCGCCTCTG CGGGCCCGAG GAGGAGCGGC TGGCGGGTGG GGGGAGTGTG 
GATCCCCCGG GCCGCCGCCT CTGTCTCTGC CTCCGTTATG GTAGCGCTGC CGTTAGCGAC 
GTTCCGCCGG CCACCGCGGT GGTGGCCGAG TGCGGCTCGT CGCCTACTGT GGCCCGCGCC 
GGGACGCGGC GGCCGGCGGG CGGTGGGTGT GCGCGCCCGG CGCTCTGTCC GGCC~GTGAC 
CCGACGACCC GCGGTTTGCG TGGCACGGGG TCGGGCCCGC CTGGCCCTGG GAAAGCGTCC 
CGAGCGACGG TGGTGCGGGC GTGT~TT CGTGGCTGCG GTCGCTCCGG-GGCCCCCGGT 
CAGGCGGGGC GCCGCGGGAC CGCCCTCGTG TCTGTGGCGG TC-GGATCCCG CGGCCGTGTT 
GGGTGCCCTT GCCCTCGCGG TCCCCGGCCC TCGCCCGTCT GTGCCCTCTT CCCCGCCI~GC 
CCGCCTGGGA CCGAACCCGG CACCGCCTCG TGGGGCGCCG CCGCCGGCCG CTGATCGGCC 
GGGGCCCGGT GCGGTTGGCC GGAGTTCCGG GGTCGGCTGC GGCGCGTGCG GGGGAGGAGA 
CCCCGGGrGC CGC:GGTGCCG GCGGCGGTGA GGCCCCGCGC GTGTGTCCCG GCTGCGGTCG 
CCGTCGCCCC GGCCTCGCCC GTGGTCTCTC GTCTTCTCCC GGCCCGCTCT TCCGAACCGG 
GTCCGTCCCG GGCGTCGGCG TCGGGGAGAG CCCGTCCTCC CCGCGTGC.,.CG TCGCCCCGTT 
CGTGTGGCGT GGGTCGACCT CCGCCTTGC:C GGTCGCTCGC CCTCTCCCCG GGTCGGGGGG 
GCGCCGGCCG GCCTCGGTCG CCCTCCCTGG GCCGTCGTGT GGCGTGTGCC ACCCCTGCGC 
CCGGTGCGCG GGCGCTGCGG CCGCACGGCG CGACTGTCCC CGGGCCGGGC ACCGCGGTCC 
c~crc~-ceG cc~ccc~c~ ~cGcc~-~c~s~G~"c-~H'r~cc~ CC TCCCrC 
cr:CTC=TCC CTCCCGTC& CCCr, TC~I= n G~"CCGTC~GTCC GTC~CCTCC 
c~o~CTC~- CCOC~.CrCT, CC--,CC 
GGGCTCTGGC CTACCGGTGA CCCGGCTAGC CGGCCGCGCT CCTGCTTGAG CCGCCTGCCG 0120 
GGGTCCGGGT CTCTGACCCA CCCGGGGGCG GCGGGGAAGG CGGCGAGGGC CACCGTGCCC 0240 
GTGCGTGTCA GGCGTTCTCG TCTCCGCGGG GTTGTCCGCC GCCCCTTCCC CGGAGTGGGG 0360 
GATCGATGTG GTGACGTCGT GCTCTCCCGG GCCGGGTCCG AGCCGCGACG GGCGAGGGGC 
TCCTCTCCCC GCCCGCCGGC GGTGCGTGTG C.-GAAGGCGTG GGGTGCGGAC CCCGGCCCGA 0600 
CGGCAGACAG CCCTCGCTGT CGCCTCCAGT GGTTGTCGAC~TTTGCGGGCGG CCCCCCTCCG 0720 
AGCGTCGGCT CCGCCTGGGC CCTTGCGGTG CTCCTGGAGC GCTCCGGGTT GTCCCTCAGG 0840 
GCCGCGGTCG TCTGCGCGTG GGTCCTGAGG GAGCTCGTCG GTGTGGGGTT CGAGGCGGTT 0960 
GAGCGCAGTC CCGTGTCCCC TCTGGCGGGT GCGCGCGGGC CGTGTGAGCG ATCGGTGGTT 1080 
GGTCGTGTGT GGGTTGACTT CGGAGGCGCT CTGCCTCGGA AGGAAGGAGG TGGGTGGACG 1200 
ACGCTCGAGG TGGCCGCGCG CAGGTGTTTC CTCGTACCGC AGGGCCCCCT CCCTTCCCCA 1320 
ACCCACCCTC GGTGAGAA.4A GCCTTCTCTA GCGATCTGAG AGGCGTGCCT TGGGGGTACG '1440 
CCGCTCGCAG AGGACCCTCC TCCGCTTCCC CCTCGACGGG GTTGGGGGGG AGAAGCGAGG 1560 
TCCCCCCTTC CGAGTCGGGG GAGGATCCCG CCGGGCCGGG CCCGGCGTTC CCAGCGGGTT 1680 
CCCCTCCGCC GCGAGTCCGG GCCTCTGCCG CCCGCTCCCG TGCCGAGTCC GTGACCGGTG 1800 
CACGGTGGGG GCGCGCCGGT CTCCCGGAGC GGGACCGGGT CGGAGGATGG ACGAGAATCA 1920 
GGCGGGGCCC CGGGGCTCGC GAGGCGGTTC TCGGTGGGGG CCGAGGGCCG TCCGGCGTCC 2040 
TTCCTGGTGG CCCGGCCGTG CCTGAGGTTT CTCCCCGAGC CGCCGCCTCT GCGGGCTCCC 2160 
CGCC~.CGA TCCTCTTCTT CCCCCCGAGC GGCTCACCGG CTTCACGTCC GTTGGTGGCC 2280 
CGGCGTGCCG CGGTCCCCCG GCGGCGCCTT GGGGACCGGG TCGGTGGCGC CCCCGCGTGC 2&00 
GGTTCGGGGA ~ C T  GGCGGTGGTG GGGGAGCCGC GTACGCCAGG CGGTCGGCCG 2520 
GCCGCTCGCG GGGTCCCCGT GGCGTCCCCT TCCCCGCCGG CCGCCTTTCT CGCGCCTTCC 26&0 
GTCGGCGCGT CCCCCGGGTG CGCCTCGCTT CCCGGGCCT6 CCGCGGCCCT TCCCCGAGGC 27'60 
CGGCGCGCGC GTGCGCCCGA GCGCGGCCCG GTGGTCCCTC CCGGACAGGC GTTCGTGCGA 2880 
TC_,ur~_~_~_CCGG C_~'~__~_~_,.C.CT GGCCCCGGT CGCGGTCCCC CGTCCCGGGC GGGGGCGGGC xO00 
CCGCGCCCGC CGGCGGGGCT CGGAGCCGGG CTTCGGCCGG GCCCCGGGCC CTCGACCGGA 3120 
GCCTCTCGCT CGCCGCCCGG ACGTCGGGGC CGCCCCGCGG GGCGGGCGGA GCGCCGTCCC 3240 
CCGGCCGCCG GGCGCGGGTC GGGCCGTCCG CCTCCTCGCG GGCGGGCGCG ACGAAGAAGC .5360 
GGCGTCCGGT TCGCCGCGCC CCGCCCCGGC CCCACCGGTC CCGGCCGCCG CCCCCGCGCC 
TCGCTTGCGG GGCGCCGGGC CCGTCCTCGC GAGGCCCCCC GGCCGGCCGT CCGGCCGCGT 
3627 
Fig. 1. Sequence of the human external transcribed spacer. The sequence xtends from the transcription start site (position + 1) to the 
nucleotide (position + 3627) which immediately precedes the mature 18 S rRNA coding sequence. The site of internal processing of the 
5 '-ETS is denoted by a solid arrowhead and the 3 '-boundary of the previously sequenced leader segment by an open triangle. The most 
outstanding sets of tandemly repeated oligonucleotides are overlined by arrows, and a run of alternating CG by dots. 
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ly poor in A (5.65 %), these overall values reflecting 
a rather uniform base content along its entire 
length. The sequence does not exhibit any extended 
pattern of internal repetition. As for tandem repe- 
titions of short oligonucleotides (overlined in 
fig.l), their number does not significantly exceed 
that which would be expected on a random basis 
forany sequence of the same base composition, 
suggesting that DNA-strand slippages during repli- 
cation [19] are not frequent events relative to the 
rate of nucleotide substitution of this sequence. 
According to the Fickett's criteria [20], the se- 
quence appears devoid of any likely open reading 
frame. Comparison with its mouse counterpart 
[11], which is only slightly longer, reveals a very 
limited extent of sequence conservation (fig.2), 
with only seven tracts displaying a substantial 
homology (fig.2b). Tract 1, identified in a previous 
analysis of the 5'-end of the human ETS [4], ex- 
tends over about 200 bp immediately downstream 
from the site of internal ETS processing. Tracts 
2-7, which occur in the same linear order in both 
mammalian sequences, are shorter but the 
homology appears significant. However this con- 
servation does not extend to distant vertebrates, 
since no residual homology could be detected over 
these tracts with the amphibian 5 '-ETS sequences 
[9,10]. No significant match was found between 
the human 5'-ETS and any of the nucleotide se- 
quences in GenBank. 
Remarkably, the human and mouse 5'-ETS se- 
quences, although extensively divergent, are closely 
related in their highly biased base content. While 
the average GC content in mouse and human 
genomes is around 42% [21], the two mammalian 
5 '-ETS are dramatically enriched in GC (fig.3a,b). 
In each case, the content in G is nearly identical to 
the content in C. Moreover both sequences are also 
extremely poor in A, displaying the same very 
strong imbalance in U and A contents (the U /A  
ratio averages 2.70 in both species). It is intriguing 
that all these unusual compositional characteristics 
also apply to the internal transcribed spacer regions 
of ribosomal genes in these two mammals 
(fig.3c,d). In contrast, they are definitely not 
shared by the mature rRNA coding regions 
(fig.3e). 
Another kind of strong structural constraint 
operating on the human 5 '-ETS is revealed by the 
examination of dinucleotide frequencies. As shown 
® 
H 
u 
A 
N 
5'  
F- 
T. 
S" 
Mouse  5'  E .T .S"  
/ 2 
/ / I  
. . . . . .  I •1  r , 
LOO~ 
1g¢4 
® 
m 
2 
w 
IIIIIIIIIIIIIII:III II IIIIl=I-IIIIltI,I I:II:I IIIIIII ~ ~o(~ccrer~ecEtcc.~ccc~c/4SleC~csMe~r~c-mTu~ mz 
3 I II1~ I J l l : l l ln l l l l~  I I I IHI I ] I I  I l l l  
• : ~ :~ - .:._. . . 
lllqll :I,HIIIII lllIllll I Illlll lIIIll~qIlll Ill IIII I:III:I I 
I I I l l l :  Iil111111111 5 ~ ~ cEc~c~cct~ z l~ 
I IHI I IH II III I I I I l l IH l :q  11111 I I l~h l lH I I Iq l lH I  I I I Iq l zh l  I lh l l l l l l  
~r0 ¢~r J~ccc~T1t i r r . c~ccca . , , ca~r~c~c~l~:cvcct~cs ,  c i  3~3 
I l l ]  I i l t l l i l h l  III I I:111 I I I I  I IH  II I J l : i  IH I  III I l i : l  I II li111111 I1:111 7 ~ ~ ccacc~c~c~icc~c~:e.~.*..~cceca:alo~T~ccaT~.aTC-C~Tc~Tcc~ccvcacvvaca 3s4g 
Fig.2. Comparison of the human and mouse 5 '-ETS sequences. 
(a) Homology matrix: each dot denotes the presence in both se- 
quences of a 32 nucleotide long segment displaying more than 
65% homology. The location of the site of internal 5 '-ETS pro- 
cessing is indicated by a broken line. Positions are numbered 
from the transcription start site. (b) Details of sequence align- 
ment for the longest homologous tracts (strings of numbered 
contiguous diagonal dots in a). The previously identified [4] 
tract 1 is not shown. Identities are denoted by bars and transi- 
tion mismatches by colons. 
in fig.4, the values observed for some doublets 
strongly depart from what would be expected for a 
randomized sequence of the same base composi- 
tion. This is particularly dramatic for the direct en- 
vironment of As: as a 5'-neighbor, A and G are 
highly preferred, whereas, as a 3'-neighbor, T is 
markedly unfavorable (fig.4a). Strikingly, the 
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Fig.3. Base composition of the mammalian ribosomal tran- 
scribed spacers. (a) Human 5 '-ETS; (b) mouse 5 '-ETS [11]; (c) 
human ITS 1 + ITS 2 (Sylvester, J.E., personal communica- 
tion); (d) mouse ITS 1 + ITS 2 [8]; (e) human or mouse [26] 
18 S rRNA. 
same peculiarities are also observed for the external 
and internal transcribed spacers of the mouse ribo- 
somal gene (fig.4b,c). However, they clearly do not 
extend to the mature 18 S rRNA coding region 
(fig.4d) which displays a much more even distribu- 
tion of dinucleotide frequencies. This close similar- 
ity, in terms of dinucleotide preferences, among 
mammalian ribosomal transcribed spacers is not 
restricted solely to the above-mentioned cases: in 
fact, the five most preferred doublets remain the 
same, i.e. AA, GA, TC, GT and AG (in the same 
order or nearly so), in each sequence. Dinucleotide 
frequencies in DNA or RNA sequences do not fluc- 
tuate randomly and recurring patterns of prefer- 
ence have been observed in some phylogenetic 
groups which might be indicative of steric con- 
straints on the conformation and packaging of the 
double helix [22]. In this regard, the strong prefer- 
ences shared by the mammalian ribosomal tran- 
scribed spacers might reflect a peculiar chromatin 
organization of these portions of the gene as com- 
pared to the mature rRNA coding regions, in line 
with recent data on the structure of actively tran- 
scribed ribosomal chromatin in Xenopus [23]. Ac- 
cordingly, these intragenic spacers could well have 
a role as DNA structures, possibly involved in a 
control of the transcription elongation process. 
Nevertheless their potential importance as RNA 
structures hould not be overlooked, since their 
peculiar compositional features are correlated with 
the likely appearance of exceptionally stable sec- 
ondary structures in mammals. A giant hairpin 
loop had been detected in the external spacer egion 
of mammalian pre-rRNAs by electron microscopic 
secondary structure mapping [24,25]. The organi- 
zation of this hairpin varies among mammals, with 
changes in the number and lengths of branches, al- 
though the overall size is maintained. The human 
5 '-ETS sequence was systematically searched for 
the most favorable secondary structure and two 
highly stable domains were reproducibly found 
(fig.5). The larger one (fig.5b) unambiguously cor- 
a ' ' ~T  ,~_~J 'T~r*  r " '  AA GA ~L; ~ AT TA 
CT GC CA 
b J i 
AA GA 
:; : ; ;  ; I  II I I t I I 
AG GT TG CG AC GC CA AT TA 
TC CC GG TT 
CT 
C I I I I  I I  II I I I  t I I I 
GA AA TCGT ~CC (~TT C.~.G CA ~ AT TA 
CG 
d I II I I I  t ;:-':: I I 
GG CG GC, A~ i CA 
AA AT TG,~ 
I I  llill I I  tl I I I  ! I 
TG AG TT TC AT TA CG 
CT ~ .  GAC-C AC cc~,?; GT 
210 1~9 1~ 1'.7 1'.6 1~5 1.4 1~3 112 1~1 1~0 .9 .1~ .'1 .1~ .5 .,4 .3 
Fig.4. Frequencies of occurrence of the dinucleotides. For each dinucleotide, values were obtained for the corresponding RNA-like 
strand by dividing the observed number by the number expected on a random basis from the overall base content of each sequence: 
human 5 '-ETS (a); mouse 5'-ETS (b);.mouse internal transcribed spacers 1 + 2 (c); mouse 18 S rRNA (d); averaged frequencies for 
a compilation [22] of vertebrate s quences (e). 
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Fig.5. Secondary structure of the human 5 '-ETS. Parts of the thermodynamically favored folding pattern are represented, for domains 
851-1391 (a) and 1657-3563 (b) of the human sequence. 
responds to a characteristic structure observed in 
primates by electron microscopy (plate IIId in [24] 
and fig. 1H in [25]) not only in size and location but 
also in details of its branched organization. It en- 
compasses a major portion of the 5 '-ETS sequence 
(i.e. 1907 nucleotides) and maps only 60 nucle- 
otides upstream from the 5 '-end of the 18 S rRNA 
coding region in human pre-RNA. The refolding of 
this giant structure during the elongation of nas- 
cent pre-RNA could mediate major conforma- 
tional switches required in the early steps of pre- 
ribosome assembly. 
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